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Scaffolding proteins containing PDZ (postsynaptic 
density 95/discs large/zonula occludens-1 ) domains 
are believed to provide relatively stable linkages 
between components of macromolecular complexes and 
in some cases to bridge to the actin cytoskeleton. The 
microvillar scaffolding protein EBP50 (ERM-binding 
phosphoprotein of 50 kD), consisting of two PDZ domains 
and an ezrin-binding site, retains specific proteins in 
microvilli and is necessary for microvillar biogenesis. 
Our analysis of the dynamics of microvillar proteins in vivo 
indicated that ezrin and microvillar membrane proteins 
had dynamics consistent with actin treadmilling and 



microvillar lifetimes. However, EBP50 was highly dynamic, 
turning over within seconds. EBP50 turnover was reduced 
by mutations that inactivate its PDZ domains and was 
enhanced by protein kinase C phosphorylation. Using 
a novel in vitro photoactivation fluorescence assay, the 
EBP50-ezrin interaction was shown to have a slow off- 
rate that was dramatically enhanced in a PDZ-regulated 
manner by addition of cell extract to near in vivo levels. 
Thus, the linking of relatively stable microvillar compo- 
nents can be mediated by surprisingly dynamic EBP50, a 
finding that may have important ramifications for other 
scaffolding proteins. 



Introduction 

Scaffolding proteins containing PDZ (postsynaptic density 
95/discs large/zona occIudens-1) domains are often found at sites 
of macromolecular protein complexes, such as adherens and 
neuromuscular junctions (Romero et al., 2011). As the name 
implies, they are generally assumed to provide relatively stable 
connections linking functionally distinct proteins. The finding 
that the scaffolding protein EBP50 (ERM-binding phosphopro- 
tein of 50 kD) is an essential component of microvilli present on 
cultured epithelial cells raised the question of how stable the 
components of microvilli are (Hanono et al., 2006). 

The presence of microvilli on epithelial cells is dependent 
on members of the ERM (ezrin/radixin/moesin) protein family. 
These proteins consist of a membrane-associated N-terminal 
FERM (4. 1 ERM) domain followed by an a-helical region and 
a C-terminal region that can bind either the FERM domain or 
F-actin (Fehon et al., 2010). This intramolecular association 
with the FERM domain creates a closed conformation in which 
both membrane and F-actin-binding sites are masked. Upon 
PIPt (phosphatidylinositol 4,5-bisphosphate) binding and phos- 
phorylation of a conserved threonine residue (T567 in ezrin), 
the C-terminal domain is released to unmask the F-actin-binding 
site in the tail and ligand-binding sites on the FERM domain. 
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Thus, the activation of ezrin provides a regulated linkage be- 
tween F-actin and membrane proteins as well as with EBP50 
(Reczek and Bretscher, 1998). 

EBP50, also known as NHERFl (Na^^-H* exchanger regu- 
latory factor 1), consists of two PDZ domains and a C-terminal 
ezrin-binding site. It was identified by its ability to bind to the 
FERM domain and also independently discovered as a factor 
necessary for conferring PKA regulation of NHE3 (Na"^-H"^ 
exchanger 3; Weinman et al., 1995; Reczek et al., 1997). EBP50 
binds the ERM FERM domain with high affinity, which has 
been estimated to have a of 1.7 nM (Terawaki et al., 2006). 
Since its discovery, EBP50 has been shown to bind multiple 
ligands through its two PDZ domains (Weinman et al., 2006). 
Recently, we showed that microvillar formation in cultured 
cells required EBP50 — and, specifically, its ability to bind ezrin 
via its tail — and ligands through its PDZl domain (Garbett 
et al., 2010). 

In this study, we analyze the dynamics of microvillar 
proteins in vivo. We find that membrane proteins and ezrin show 
similar dynamics consistent with rates of actin treadmilling and 
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Figure 1 . EBP50 undergoes rapid turnover in 
microvilli. (A) FRAP of microvilli on the apical 
merrbrane of JEG-3 cells. The region marked 
by a green box was photobleached; the red 
box indicates the region shown in B. Bar, 5 pm. 
(B) Representative time points from photo- 
bleaching experiments of GFP-tagged EBP50, 
ezrin, TROP2, and PCX. Bars, 2 [im. [C] Recov- 
ery curves of GFP-EBP50 (n = 1 3), ezrin (n = 
19), TROP2 (n = 16), and PCX (n = 7). Error 
bars show SD. 
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microvillar half-lives, whereas EBP50 is surprisingly dynamic. 
Remarkably, mutations that selectively inactivate EBPSO's PDZ 
domains reduce its dynamics, whereas mutations mimicking 
PKC phosphorylation increase turnover. These results dem- 
onstrate an as of yet unexpected ability of a scaffolding protein 
to be highly dynamic and reveal that its dynamics can be modu- 
lated by binding PDZ ligands, which in turn influence the lon- 
gevity of the EBP50-ezrin interaction. 

Results and discussion 

EBP50 is a highly dynamic component: 
of microvilli 

Microvilli on cultured cells are reported to have a lifetime of 
12-15 min, as seen using scanning ion conductance microscopy 
(Gorelik et al., 2003). To see whether other techniques yield 
similar results, we explored the dynamics of microvilli by imaging 
expressed GFP-EBP50 or ezrin-GFP in JEG-3 cells, a chorio- 
carcinoma-derived line that displays abundant microvilli on its 
apical surface. Although individual microvilli were difficult to 
track when densely packed, in areas where they were sparser, 
we found that microvilli had lifetimes in the 7-15-min time 
range (Fig. SI A). 

How might the dynamics of microvillar components relate 
to microvillar lifetimes? Brush border myosin I is relatively dy- 
namic compared with actin, showing 80% recovery in about 1 min 
(Tyska and Mooseker, 2002; Waharte et al., 2005). We have 
suggested a model in which ezrin is activated by phosphorylation 



at the microvillus tip and remains associated with treadmilling 
actin filaments until it is released at the microvillus base (Hanono 
et al., 2006). Actin treadmills at '^0.2 |jm/min (Loomis et al., 
2003), so this model predicts that ezrin and tightly bound EBP50 
will have lifetimes of several minutes in a l-jmi-long microvillus 
or about the half-life of a microvillus. Therefore, we used FRAP 
to estimate the dynamics of ezrin, EBP50, and several other micro- 
villar components in vivo to see whether they fit this model. 

We first determined the dynamics of the microvillar trans- 
membrane protein TR0P2-GFP, which binds to ezrin (unpub- 
lished data) and ezrin-GFP. For these experiments, each construct 
was expressed at a low level in JEG-3 cells and a small area 
bleached, and the recovery was then monitored. Experiments 
on multiple cells showed very reproducible recovery data 
(Fig. 1, A and C), which fit well to double exponential curves 
(Fig. SI B). Both TR0P2-GFP and ezrin-GFP recover slowly, 
with about half the microvillar fluorescence returning in 30 s 
(Fig. 1 , B and C), which is consistent with what has been seen 
for ezrin by two-photon microscopy (Coscoy et al., 2002). As 
TR0P2 is a transmembrane protein, its recovery is restricted 
to two dimensions, suggesting that ezrin is relatively firmly 
bound in the microvillus, as it has full access to the cytoplasm, 
which is consistent with our model. Surprisingly, GFP-EBP50 
recovered very fast, within 5 s, showing that it is a highly dynamic 
component of microvilli (Fig. 1, B and C). This is very unexpected, 
as EBP50 binds active ezrin with a in the nanomolar range, 
so it would be expected to have a very slow off -rate and there- 
fore show similar dynamics to ezrin. It has been shown that 
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Figure 2. EBPSO's PDZ domains contribute to its rapid turnover. (A) Time points from photobleaching of GFP-tagged EBP50 and E3KARP. Bars, 2 pm. 
(B) Recovery curves of GFP-EBP50 (n = 1 8) and E3KARP (n = 1 1|. (C) Time points from pfiotobleacfiing of GFP-EBP50 PDZ mutants (mut). Bars, 2 pm. 
(A and C) Pfiotobleached regions are sfiown as green boxes. (D) Recovery curves of GFP-EBP50 wild type (n = 1 8), PDZ2 mutant (n = 24), PDZl mutant 
(n = 24), and PDZ1&2 mutant (n = 21). All error bars represent SD. 



the membrane protein podocalyxin (PCX)/Gpl35 localizes to 
microvilli in part through its C-terminal tail binding to the PDZ2 
domain of EBP50 (Yu et al., 2007; Francis et al, 201 1). Consis- 
tent with being restricted to the membrane, GFP-PCX is very 
stable in microvilli (Fig. 1, B and C). Thus, EBP50, which is 
necessary both for the assembly of microvilli on these cells and 
for retaining the localization of the membrane protein PCX to 
microviUi, is much more dynamic than both its cytoskeletal ligand 
ezrin and a transmembrane ligand. 

POZ binding is required for rapid 
EBP50 dynamics 

Another member of the NHERF family, E3KARP (NHE3 kinase A 
regulatory protein), also binds ezrin with high affinity and has 
two PDZ domains highly conserved with those in EBP50. GFP- 
E3KARP is much less dynamic in microvilli than GFP-EBP50, 
indicating that, despite being closely related proteins, some distinct 
property of EBP50 renders it highly dynamic (Fig. 2, A and B). 

We have shown that EBPSO's function in microvillar forma- 
tion requires its ability to both bind ezrin and retain a functional 
PDZl domain, whereas a functional PDZ2 domain is dispens- 
able (Garbett et al., 2010). Ezrin binding is necessary to recruit 
EBP50 to microvilli, whereas functional PDZ domains are not 
when expressed in the context of endogenous EBP50 (unpub- 
lished data). This allows for us to assess the role of the PDZ 
domains on EBPSO's dynamics; the simplest model would predict 
that mutations inactivating EBPSO's PDZ domains should make 
it even more dynamic in vivo. Consistent with this prediction. 



overexpression of parathyroid hormone receptor, a PDZl ligand, 
reduces EBPSO turnover at the basal plasma membrane in rat 
osteosarcoma cells (Ardura et al., 2011). To see whether this 
was also true in microvilli, EBPSO's predominant physiological 
localization, we next examined the dynamics of GFP-EBPSO con- 
structs containing inactivating mutations in PDZl, PDZ2, and 
PDZ1&2. Surprisingly, mutating either PDZl or PDZ2 each 
slowed the dynamics of GFP-EBPSO recovery to a similar extent 
(Fig. 2, C and D). These effects were additive, as the PDZ1&2 
double mutant recovered even slower, approaching recovery 
kinetics similar to that seen for ezrin-GFP (Fig. 2, C and D). 

Photoactivation provides a powerful complementary tool 
to FRAP for directly selecting and monitoring the turnover of 
specific pools of proteins (Patterson and Lippincott-Schwartz, 
2002; Lippincott-Schwartz and Patterson, 2009). Therefore, we 
examined the dynamics of EBPSO by using photoactivatable 
GFP (PAGIT). Cells were transfected to express both TagRFPT- 
EBPSO and PAGFP-EBPSO. TagRFPT-EBPSO was used to 
select microvillar regions for analysis, and then a small area 
of PAGFP-EBPSO was activated, and its loss over time was re- 
corded (Fig. 3 A). Using this system, EBPSO was again found to 
be highly dynamic, with the PAGFP-EBPSO signal being lost 
within seconds (Fig. 3, B and C). This approach was repeated 
using the PDZ1&2 double mutant as well as an EBPSO mutant 
to which a C-terminal alanine had been added (LA mutant), which 
weakens its ability to interact with ezrin (Fig. 3, B and C). All 
of the resulting photoactivation curves were highly reproducible 
and fit well to double exponential decay curves (Fig. 3, C and E). 
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Figure 3. PDZ and ezrin binding both contribute to EBP50 dynamics. (A) Photoactivation of EBP50 in microvilli on JEG-3 cells. The region marked by a 
green box was photoactivated, and the yellow box indicates the region shown in B. Bar, 5 fjm. (B) Time points from photoactivation of PAGFP-tagged 
EBP50 constructs. Bars, 2 \im. (C) Photoactivation decoy curves of PAGFP-EBP50 wild type (n = 16), PDZ1&2 mutant (mut; n = 17), and LA mutant 
(n = 12; wild type vs. LA mutant, P < 0.0001). Black lines represent fitted curves with corresponding rotes shown in E. (D) FRAP recovery curves of GFP- 
EBP50 wild type (n = 18) and LA mutant [n = 1 9; P < 0.0001 ]. (E) Table of rates and half-lives of double exponential decay curve fits shown in C (±SD). 
(F) SxFLAG-togged EBP50 constructs expressed in JEG-3 cells were immunoprecipitated (IP) and blotted for FLAG, endogenous ezrin, and E-codherin as 
a control. (G) FRAP recovery curves of GFP-EBP50 in cells coexpressing TagRFPT-togged DG-EPI64 toil (n = 8) or DG-EPI64-LA tail (n = 8; P < 0.0001). 
(H) 3xFLAG-tagged EBP50 and TagRFPT-tagged DG-EPI64 toil or DG-EPI64-LA tail coexpressed in JEG-3 cells were immunoprecipitated and blotted for 
FLAG, TagRFPT, and E-cadherin as a control, vec, vector. All error bars represent SD. 



Consistent with the FRAP results, the PDZ1&2 mutant reduced 
turnover significantly compared with wild type (Fig. 3, B, C, and E). 
The C-terminal EBP50 LA mutant showed a slight but signifi- 
cant increase in dynamics compared with wild-type EBP50, 
suggesting that weakening the interaction with ezrin increases 



EBP50 turnover (Fig. 3, B-D). Thus, the combined FRAP and 
photoactivation data consistently show that EBP50 is highly 
dynamic in vivo, and this requires functional PDZ domains. This 
strongly suggests that EBPSO's in vivo dynamics is influenced 
by proteins interacting with both of its two PDZ domains. 
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Although EBP50 binds the ezrin PERM domain tenaciously 
in vitro (Terawaki et al., 2006), we have been perplexed by the 
weak recovery of ezrin when EBP50 is immunoprecipitated out 
of JEG-3 cell extracts. To see whether this is related to EBPSO's 
dynamics in vivo, we immunoprecipitated 3xFLAG-tagged wild- 
type EBP50 or its PDZ mutants that show reduced dynamics 
and blotted for endogenous ezrin (Fig. 3 F). Although ezrin is 
barely detectable in immunoprecipi tales from wild- type EBP50- 
expressing cells, it is clearly visible in the single PDZl or PDZ2 
mutants and most strongly with the PDZ1&2 double mutant and 
is not seen with the EBP50 M346A,W348A mutant defective in 
ezrin binding (Terawaki et al., 2006). Therefore, the dynamics 
seen for wild-type EBP50 in vivo is reflected by the inability of 
EBP50 and ezrin to form a stable immunoprecipitable complex. 

To test whether PDZ ligands can stimulate increased EBP50 
turnover, we generated a TagRFPT-tagged chimeric fusion, dys- 
troglycan (DG)-EPI64 tail, of the microvillar protein (i-DG fused 
to the C-terminal PDZ-binding tail of EPI64 (EBP50 PDZ inter- 
actor of 64 kD; Reczek and Bretscher, 2001; Spence et al., 2004). 
We expressed DG-EPI64 tail with GFP-EBP50 and performed 
photobleaching experiments on microvilli containing both con- 
structs, as before. Indeed, DG-EPI64 tail, but not DG-EPI64-LA 
tail, a mutant with an additional C-terminal alanine added to 
block PDZ binding, was able to associate with EBP50 and in- 
crease its turnover in microvilli (Fig. 3, G and H), suggesting 
that interaction with EBP50's PDZ domains results in increased 
turnover, perhaps reflecting an enhanced dissociation from ezrin. 

Phosphorylation by PKC enhances 
EBP50 turnover in microvilli 

EBP50 can be phosphorylated by PKC on serines 162, 339, and 
340 (Raghuram et al., 2003; Fouassier et al., 2005), and this 
inhibits its ability to bind to PDZ ligands simultaneously but has 
no effect on ezrin binding in vitro (Garbett et al., 2010). However, 
PKC phosphorylation has been shown to perturb the ezrin inter- 
action, as seen by coimmunoprecipitation from cell lysates 
(Chen et al., 2012). To determine whether PKC phosphoryla- 
tion increases turnover of EBP50, we performed photobleaching 
experiments of the phosphomimetic mutant GFP-EBP50-S162, 
339,340D (PKCsD; Fig. 4). Indeed, EBP50-PKCsD showed 
modestly enhanced turnover compared with wild-type EBP50 
and less association with ezrin in vivo (Fig. 4, A-C). To determine 
whether PKC phosphorylation was enhancing EBP50 turnover 
via promoting PDZ interactions, we mutated both PDZ domains 
in the PKC site-phosphomimetic EBP50 mutant (PKCsD- 
PDZl&2mut) and found that both its microvillar turnover and 
ezrin binding were restored to wild-type levels (Fig. 4, A-C). 

The stable ezrin-EBPSO interaction 
can be modulated in vitro 

To begin a biochemical exploration of the aforementioned 
in vivo phenomena, we examined the interaction of EBP50 with 
ezrin in vitro. To estimate the off-rate of EBP50 from ezrin, ezrin 
FERM domain was covalently coupled to beads to give a con- 
centration of 240 nM of bound protein, and then substoichio- 
metric PAGFP-EBP50 was added at 40 nM to bind the coupled 
FERM domain. After a quick wash, the beads were placed in 1 |jM 



A 



pre-bleach bleach 



seconds post-blcach 



10 



15 



Q id 



0- a- 



B 

















9 








mI 
















^ - — 




10 15 20 25 30 35 
Time Post-Bleach (s) 



C 



3% Input 



IP: FLAG 




Ezrin (80 kD) 
FLAG-EBP50 (50 kD) 
E-Cadhcrin(120kD) 



Figure 4. PKC phosphorylaMon of EBP50 enhances its microvillar furnover. 
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Error bars show SD. (C) 3xFLAG-tagged constructs of EBP50 constructs 
expressed in JEG-3 cells were immunoprecipitated (IP) and blotted for 
FLAG, endogenous ezrin, and E-cadherin as a control. 



untagged EBP50 as a competitor, beads were withdrawn at var- 
ious times and washed, and the amount of PAGFP-EBP50 re- 
maining was determined (Fig. S2 A). This revealed that in vitro, 
PAGFP-EBP50 binds tenaciously to the ezrin FERM domain, 
with an off-rate best fit by a single exponential decay curve with 
a half-life of '^21 min (Fig. S2 B). This contrasts with the in vivo 
dynamics of EBP50 associating with active ezrin for just a few 
seconds, which was best fit by a double exponential decay curve. 

With this large difference between the in vivo and in vitro 
off-rates seen using different experimental procedures, we set 
out to develop an in vitro assay that more accurately reflects the 
in vivo situation. To mimic the open activated form of ezrin en- 
riched in microvilli, ezrin FERM domain was covalently linked 
to 2-iJm-diameter beads at a final bound concentration of 600 nM. 
The beads were then incubated with 7 pM recombinant PAGFP- 
EBP50 to saturate the immobilized ezrin FERM and mounted 
on coverslips. The beads were found by differential interference 
contrast, and the PAGFP-EBP50 bound to the FERM beads was 
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selectively photoactivated with UV ligiit. The decay in bead- 
associated fluorescence was monitored and reflected the dis- 
sociation of activated PAGFP-EBP50 and its replacement by 
nonactivated PAGFP-EBP50. This in vitro photoactivation 
method provides the benefit of being able to monitor off-rates 
continuously and on the same time scale as the in vivo experi- 
ments, without the need for time-consuming wash steps, which 
also disrupt the assay equilibrium. 

To validate the assay, we first used PAGFP-EBP50( 1-320) 
that lacks the C-terminal ezrin-binding site. Immediately after 
activation, no fluorescence could be detected (Fig. 5 A). To de- 
fine the rate of photobleaching during the assay, we covalently 
coupled PAGFP-EBP50( 1-320) to the beads and determined 
a bleaching curve. Having established these parameters, we 
followed the dissociation of PAGFP-EBP50 and the double 
PDZ1&2 mutant of PAGFP-EBP50 over a 120-s time frame. 



All constructs remained firmly attached to the beads, losing fluor- 
escence at a rate indistinguishable from the covalently bound 
PAGFP-EBP50( 1-320) control (Fig. 5 A). To see whether ligand 
occupation of PDZl affected the off-rate, we repeated the assay 
in the presence of excess EPI64 taU, which binds with high affinity 
to PDZl (Reczek and Bretscher, 2001). An extremely minor, 
but reproducible, enhancement of the off-rate was seen (Fig. 5 B) 
but clearly not of the magnitude to explain the dynamics seen 
in vivo. 

To explore whether cell extracts contain components that 
can enhance the PAGFP-EBP50 off-rates, we repeated the ex- 
periments in the presence of increasing concentrations of JEG-3 
cell extract. For both PAGFP-EBP50 wild type and the PDZ1&2 
double mutant, increasing concentrations of cell extract enhanced 
the off-rate (Fig. S3 A), but the off-rate was unaffected by a high 
concentration of bacterial extract and was not dependent on ATP 



Saa JCB • VOLUME 1 SB • NUMBER S • 201 2 



levels in JEG-3 cell lysate (Fig. S3, B and C). Remarkably, the 
JEG-3 cell extract enhanced the off-rate for wild-type PAGFP- 
EBP50 to a level similar to that seen in vivo (Fig. 5 C). Addition- 
ally, although the extract enhanced the off-rate for the PDZI&2 
double mutant, the enhancement was much less than for the wild- 
type protein, reflecting the same phenomenon we documented 
in vivo (Fig. 5 C). Therefore, our in vitro results confirm that the 
binary ezrin-EBP50 interaction is of high affinity with a slow 
off-rate that can be greatly enhanced by the presence of eukaryotic, 
but not prokaryotic, cell extracts in a PDZ-dependent manner. 

Summary 

The findings presented here represent an altered appreciation of 
the roles of scaffolding proteins. The name suggests that they 
bridge other proteins by making stable interactions, yet, here, 
we show that a scaffolding protein that is necessary for the as- 
sembly of a cell surface structure with a lifetime of several 
minutes can be exceptionally short lived, turning over in several 
seconds. A similar type of unexpected dynamics was reported 
for a-catenin in epithelial cells junctions: this linking protein is 
highly dynamic in a structure that is viewed as quite stable 
(Drees et al., 2005; Yamada et al., 2005). Additionally, the actin 
filament-cross-linking protein fascin shows rapid turnover from 
filopodia on a similar time scale as EBP50, but its dynamic na- 
ture is an intrinsic feature of its association with actin and can 
be fully recapitulated in vitro (Aratyn et al., 2007). In the case 
of EBP50, the relevance and function of these dynamics are 
unknown but perhaps are a reflection of both its diversity of 
interaction partners and roles in surface retention, trafficking, 
recycling, and signaling pathways (Weinman et al, 2006; Ardura 
and Friedman, 2011). Indeed, EBP50 also undergoes allosteric 
interdomain motion over submicrosecond time scales that are 
thought to play an important role in regulating formation of 
multiprotein complexes and subsequent signaling events (Farago 
etal., 2010). 

We also find it quite remarkable that such a dynamic protein 
can participate in the localization of membrane proteins, such 
as PCX, to microvilli and exclusion from the primary cilium 
(Francis et al., 2011). How can EBP50 function amid such mo- 
lecular turmoil? One possibility is that the overall number of 
EBP50's PDZ ligands in the membrane may create multiple 
rapid linkages to ezrin and is sufficient to retain them in the 
microvilli. This doesn't fuUy explain why the turnover is enhanced 
by ligands binding EBP50's PDZ domains. One potential answer 
would be that an increased number of PDZ ligands in microvilli 
would create increased turnover of EBP50 to regulate the amount 
of EBP50 bound to ezrin in a microvillus as a type of biological 
governor. To fully address this will require identification of 
the factors that enhance EBP50's dynamics, a task we are cur- 
rently undertaking. 

Materials and methods 

Antibodies 

Rabbit antisera against full-length human ezrin was previously described 
(Bretscher, 1989). The mouse anti-FLAG M2 and mouse anti-E-cadherin 
antibodies were purchased from Sigma-Aldrich and BD, respectively. 
Rabbit anti-tRFP (used against TagRFPT] was purchased from Axxora. 



Goat anti-rabbit and -mouse secondary antibodies conjugated to HRP 
were purchased from MP Biomedicals and Jackson ImmunoResearch 
Laboratories, Inc., respectively. 

DNA constructs 

N-terminal GFP and SUMO-tagged EBP50 constructs were created in 
pEGFP-C2 (Takara Bio Inc.) and pE-SUMO (LifeSensors, Inc.), respectively, 
and were previously described (Garbett et al., 2010). GFP-tagged ezrin 
and TROP2 were cloned into pEGFP-N2 (Takara Bio Inc.). N-terminally 
tagged GFP-PCX in pcDNA3, provided by D. Bryant and K. Mostov (Univer- 
sity of California, San Francisco, San Francisco, CA), was previously 
described (Meder et al., 2005). TagRFPT-EBP50 constructs were created by 
PGR from a vector expressing TagRFPT that was provided by R. Tsien (Uni- 
versity of California, San Diego, La Jolla, CA; Shaner et al., 2008). PAGFP 
fusions of EBP50 and ezrin were generated by restriction digest from 
PAGFP-Cl, which was provided by J. Lippincott-Schwartz (National Insti- 
tutes of Health, Bethesda, MD; Patterson and Lippincott-Schwartz, 2002). 
3xFLAG-tagged EBP50 constructs were created using PGR and inserted into 
pQCXIP (BD). Untagged ezrin FERM (residues 1-298) in pQE16 (QIAGEN) 
was previously described (Reczek et al., 1997). The EPI64 tail residues 
481-508 were inserted into pGEX-6Pl (GE Healthcare) using PGR and 
were previously described (Hokanson and Bretscher, 2012). DG-TagRFPT- 
EPI64 tail and the LA mutant were generated in two steps by PGR of DG for 
TagRFPT tagging followed by PCR of EPI64 tail or EPI64-LA tail residues 
45 1-508 and inserted after the end of TagRFPT by restriction digest. 

Cell culture and transfection 

JEG-3 cells (American Type Culture Collection) were maintained in a 5% 
CO2 humidified atmosphere at 37°C in MEM with 10% FBS (Invitrogen). 
Cells were transfected with polyethylenimine (Polysciences, Inc.) and 1-2 pg 
of plasmid DNA, as previously described (Hanono et al., 2006). 

Purification of recombinant proteins 

Ezrin FERM was purified as previously described (Reczek et al., 1997). In 
brief, induced cells were suspended in 1 80 mM KH2PO4, pH 7.0, with 
complete protease inhibitor (Roche), lysed by sonication (Branson Ultrasonics), 
centrifuged and run over a hydroxyapatite column (Pall Corporation), 
and eluted by a linear gradient of 1 80-800 mM KH2PO4, pH 7.0. Ezrin 
FERM-containing fractions were pooled and dialyzed against 20 mM 
MES (2-(N-morpholino)ethanesulfonic acid) and 150 mM NaCI, pH 6.7, 
and applied to an S-Sepharose column (GE Healthcare) and eluted in a 
linear gradient of 0. 1 5-1 .0 M NaCI. For conjugation of purified FERM to 
cyanogen bromide (CNBr)-activated Sepharose (Sigma-Aldrich), FERM 
was dialyzed into C buffer (0.1 M NaHCOs and 0.5 M NaCI, pH 8.3) 
and then added overnight to hydrated CNBr beads for a final concentration 
of 38.5 fjM on the resin. Beads were then washed and blocked in 0.25 M 
glycine, pH 8.0, overnight. Beads were then washed again and stored as 
a 50% slurry in H buffer (50 mM Tris and 150 mM NaCI, pH 7.4). For 
conjugation of FERM to 2-pm carboxylated polystyrene microspheres (Poly- 
sciences, Inc.), 1 mg of FERM was added to 1 2.5 mg of microspheres and 
coupled using the PolyLink protein coupling kit instructions (Polysciences, 
Inc.) with an additional block using 5% low-molecular weight dextran in 
0.25 M glycine, pH 8.0. The final concentration of FERM covalently cou- 
pled to the microspheres was 200 pM. 

Bacterial pellets induced to express either GST-EPI64 tail (481-508) 
or GST-3CPro protease were lysed in 1 50 mM NaCI, 20 mM Tris, 0. 1 % (3- 
mercaptoethanol, and 0. 1 % Triton X-1 00, pH 7.4, with complete protease 
inhibitor by sonication, centrifuged and added to hydrated glutathione 
agarose (Sigma-Aldrich), washed, and then mixed together overnight at 
4°C to cleave the EPI64 tail off the beads. 

SUMO-PAGFP-EBP50 constructs were purified as previously described 
(LaLonde et al., 2010), but all steps were performed in the dark to mini- 
mize background activation of PAGFP. In brief, induced bacterial pellets 
were lysed in binding buffer (20 mM sodium phosphate, 500 mM NaCI, 
20 mM imidazole, and 1% Triton X-1 00, pH 7.4) by sonication, centri- 
fuged and run over a His gravitrap column (GE Healthcare), washed, and 
eluted in elution buffer (20 mM sodium phosphate, 500 mM NaCI, and 
500 mM imidazole, pH 7.4). Eluate was dialyzed into binding buffer, 
cleaved with 6xHis-Ulpl for 40 min at 30°C to remove the SUMO tag, and 
then run over another His gravitrap column, and flow-through containing 
PAGFP-EBP50 was collected and dialyzed into 20 mM Hepes and 300 mM 
NaCI, pH 7.4. 

Live-cell imaging, FRAP, and photoactivation 

Transfected JEG-3 cells grown in 35-mm glass-bottom dishes (MatTek Cor- 
poration) were washed twice in PBS and then maintained in low-sodium 
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bicarbonate phenol red-free MEM (Sigma-Aldrich) supplemented with 
25 mM Hepes, pH 7.4, with 10% FBS and GlutaMAX (Invitrogen). Live 
cells were imaged by time-lapse microscopy on a spinning disk (CSU-X; 
Intelligent Imaging Innovations, Inc.) with a spherical aberration correc- 
tion device, a lOOx 1 .46 NA objective (Leica) on on inverted microscope 
(DMI6000B; Leica), and an electron-multiplied charge-coupled device cam- 
era (QuantEM; Photometries) at 37°C in on environmental chamber 
(Okolob) controlled by SlideBook (v5.0; Intelligent Imaging Innovations, 
Inc.). Regions selected for FRAP and photoactivotion were illuminated 
using a digital mirror illumination system (Mosaic; Andor Technology) 
coupled to either a 488-nm 400W argon laser or mercury light source 
(Carl Zeiss) running through a 405-nm excitation filter, respectively. For 
all FRAP experiments, on independent region was also monitored to con- 
trol for photobleaching during the observation period. Videos were pro- 
cessed using SlideBook (v5.0) and analyzed using ImageJ (National 
Institutes of Health), Excel (Microsoft), and Prism (GraphPod Software). 
Expression levels of cells were determined by GFP fluorescence, and FRAP 
recoveries of cells with varying expression levels were compared to ensure 
that differences in recovery rates were not a result of expression varia- 
tion. The normalized data from multiple biological replicates were fit with 
a curve, and samples with overlapping SD were subjected to a two-way 
analysis of variance using Prism. 

Immunoprecipitation and Western blotting 

JEG-3 cells transiently expressing 3xFLAG-EBP50 constructs were lysed in 
lysis buffer (25 mM Tris, 150 mM NaCI, 1% IGEPAL-630, 50 mM NaF, 
0.1 mM Na3V04, 10 mM p-GP, and 2.5% glycerol, pH 7.4) and incu- 
bated with anti-FLAG M2 affinity resin (Sigma-Aldrich) while nutating at 
4°C for 2 h. The resin was then washed three times in lysis buffer with 
0.1% IGEPAL-630, and the remaining bound sample was eluted using 
3xFLAG peptide (Sigma-Aldrich) for 45 min at room temperature. Protein 
samples were boiled in sample buffer and separated by SDS-PAGE and 
transferred to Immobilon-P (EMD Millipore) for Western blotting and then 
visualized using ECL (GE Healthcare). 

In vitro competition assay 

Excess ezrin FERM domain coupled to CNBr beads at a final concentra- 
tion of 240 nM was mixed with 40 nM of soluble PAGFP-EBP50 in 300 mM 
NaCI, 0. 1 % Triton X-1 00, 5% glycerol, and 20 mM Tris, pH 7.4, and nu- 
tated for 1 h at 4°C. Beads were spun and quickly washed once, and 
then buffer containing excess untagged EBP50 at 1 \ilsA was added for 
the various times indicated to compete with the prebound PAGFP-EBP50. 
Beads were spun, quickly washed, and then boiled in sample buffer and 
separated by SDS-PAGE. The gel was stained with IRDye (LI-COR Biosci- 
ences) and then imaged and analyzed using an infrared imaging system 
(Odyssey; LI-COR Biosciences). The normalized data were fit to a curve 
using Prism. 

In vitro photoactivotion assay 

Ezrin FERM coupled to 2-pm beads at a final concentration of 600 nM was 
added to excess PAGFP-EBP50 constructs at 7 pM in 20 mM Hepes, 300 mM 
NaCI, and 1% polyethylene glycol, pH 7.4. Experiments that included 
EPI64 tail contained it at 40 (jM, and experiments using JEG-3 cell or bac- 
terial lysate used it at a final concentration of 2.4 mg/ml unless otherwise 
indicated. To deplete ATP, JEG-3 cell lysate was treated with 1 U apyrase 
(Sigma-Aldrich) per 20 fjl of lysate on ice for 30 min. To regenerate ATP, 
JEG-3 cell lysate was treated with 5 U of creatine phosphokinase (Sigma- 
Aldrich) per 20 pi of lysate with 10 mM phosphocreotine di-Tris salt (Sigma- 
Aldrich) at 30°C for 30 min. ATP levels were verified by colorimetric assay 
(BioVision, Inc.). The reaction mixture was added to a glass coverslip and 
affixed to a glass slide using VALAP (a mixture of vaseline, lanolin, and 
paraffin). Beads were imaged by time-lapse microscopy on a spinning disk 
(CSU-X) with a spherical aberration correction device, a 1 OOx 1 .46 NA 
objective on on inverted microscope (DMI6000B), and an electron-multiplied 
charge-coupled device camera (QuantEM) controlled by SlideBook (v5.0). 
Beads were found by differential interference contrast, and the correspon- 
ding regions were photoactivated using a digital mirror illumination system 
(Mosaic) coupled to a mercury light source (Carl Zeiss) running through a 
405-nm excitation filter. Videos were processed using SlideBook (v5.0) 
and analyzed using Excel and Prism. 

Online supplemental material 

Fig. SI shows quantification of microvilli lengths over time and the recovery 
rate fitting of FRAP data in Fig. 1 . Fig. S2 shows that EBP50 stably associ- 
ates with ezrin FERM domain in vitro. Fig. S3 shows in vitro photoactivotion 
assays examining the effects on the off-rate of EBP50 from ezrin FERM with 



increasing JEG-3 cell lysate concentrations, addition of bacterial lysate, 
and independence on ATP levels. Online supplemental material is avail- 
able at http://www.icb.org/cgi/content/full/jcb.201204008/DCl . 
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